The Space Systems Laboratory at Kyushu Institute of Technology is developing a fully reusable sounding rocket named WIRES (WInged REusable Sounding rocket). The winged rocket incorporates many novel technologies, including a full composite structure and a navigation, guidance, and control system. It is also equipped with an innovative hybrid rocket engine named CAMUI (CAscaded MUltistage Impinging-jet). In such a complex rocket, system integration is difficult to achieve and innovation is imperative. The laboratory is therefore also developing a subscale model of the rocket named WIRES#014 to assess the new navigation, guidance, and control system. This paper describes the procedure and results of a trial and error approach, comprising three ground combustion tests, to integrating the systems of the rocket. In the first and second try of the combustion test, the tests had some troubles mainly about ground support system and avionics. Authors eliminated these errors after the cause analysis; the third combustion test was finally succeeded.
Introduction
Space technology has experienced great progress in recent times. The reduction of operational cost is, however, integral to further advancement. Conventional rockets are fully or partially expendable and the development of fully reusable types is a key to reducing costs. The prime successful example of a reusable suborbital system is SpaceShipOne. However they need a supporting aircraft and a spaceport for the launch and the landing. That means it needs large-scale ground equipment. Authors aim to develop the convenient reusable suborbital flight system.
Since 2005, the SSL (Space Systems Laboratory) of the Kyushu Institute of Technology has worked toward the development of a fully reusable space transportation systemspecifically, a winged rocket named WIRES (WInged REusable Sounding rocket) 1) . All the components of the rocket, except the propulsion system, have been developed 2) . Fig. 1 shows the suborbital rocket concept. Since 2010, the authors, who are members of SSL, have also designed and fabricated two sub-scales models of WIRES. One of them is a conventional reusable rocket with four fins and no main wings, named WIRES#012. Its length and total mass are 1.7 m and 38 kg, respectively. The objective of the development was the technical evaluation of the composite structure and two-stage parachute recovery system. An experimental launch was successfully executed on September 29, 2011 (Fig. 2) . The deceleration chute was used to decrease the velocity of the rocket, and the bigger main parachute and air bags were used for smooth and safety landing. Furthermore, the full composite structure of the rocket exhibited high strength and withstood the reactive force of the thrust force and impact of the parachute deployment.
The other rocket is WIRES#014, which is of the same size as WIRES#012. It has control surfaces comprising elevons and rudders, which enable gliding flight. It was developed to assess the advanced navigation, guidance, and control system of WIRES. The system is as follows.
In suborbital and a variety of other flight environments, it is difficult to acquire precise data using a single-sensor system. Hence, to ensure precise data acquisition and integration, the ADS (air data system) /IMU (inertial measurement unit) /GPS (global positioning system) hybrid navigation system is utlilized 3) . Whereas a conventional rocket flight trajectory can be used to launch the rocket, its reusability makes the safe abortion of flight very important. Real-time trajectory generation is therefore employed. The guidance system of the rocket implements a Genetic Algorithm on a FPGA (Field-Programmable Gate Array) 4) , which enables the online creation of an optimized flight trajectory in a simple Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. constrained environment. The results of the simulation are shown in Fig. 3 .
A very robust control system is required for a reusable space transportation system that can be used in a wide range of flight environments and for subsonic and hypersonic speeds. For this purpose, WIRES#014 employs H Control in the ascent phase and Adaptive Control 5) in the gliding phase. This paper pays attention on the ground combustion test results of WIRES#014 in the final development phase before actual flight tests. SSL conducted the ground combustion tests three times to complete the operation of new hybrid engine and verify the integrity of all the system's functions before the first flight test planned in May 2013. 
WIRES#014
2.1. Specifications WIRES#014 is capable of reaching to an altitude of about 2 km. The first flight experiment was, however, conducted to an altitude of about 1 km owing to the restricted environment of the launch site. The total length and mass of the rocket are 1.7 m and 49 kg, respectively. The design and specifications are shown in Fig. 4 and Table 1.
Structure
Weight reduction is very important in rocket design. WIRES#014 has a CFRP (Carbon-Fiber-Reinforced Plastic) semi-monologue structure. The fuselage and main wing are shown in Fig. 5 . 
Recovery system
After gliding, a two-stage parachute recovery system and three air bags are used to soft-land the rocket (Fig. 6) . The two-stage parachute consists of the drogue and main chutes. The former is used to decelerate the rocket because the gliding speed is too high for opening the main chute. It is also used to deploy the main chute, which is very large and used to further decelerate the rocket to the terminal landing speed. The airbags are used to absorb the landing impact. This recovery system was verified by the WIRES#012 flight experiment. 
Avionics system
WIRES#014 has control surfaces comprising elevons and rudders. It has an advanced avionics system that enables gliding flight and fully autonomous attitude control during the ascent phase. The main system has six microcomputers that communicate via a CAN (controller area network) data bus. To ensure flight safety, the rocket has an emergency system that is operated by an emergency operator at the mission control center. The avionics system, illustrated in Fig. 7 , has a two-fault tolerance design for the ground safety. 
Propulsion system
The propulsion system of WIRES#012 was a commercially available hybrid engine called HyperTEK M1000. On the other hand, WIRES#014 employs a new hybrid engine named CAMUI (CAscaded MUltistage Impinging-jet) developed by Hokkaido University and Uematsu Electric Co., Ltd. The engine uses solid polyethylene as fuel and liquid oxygen as an oxidizer. The combination is easy to use and allowable by law because neither the oxidizer nor the fuel is explosive. The reaction chamber of CAMUI has an original shape that affords a higher powered combustion than obtained in conventional hybrid rocket engines. Fig. 8 and Table 2 offer an overview of the design and specifications of CAMUI. The engine ignition system developed by SSL is remote controlled for safety. The control center is located about 800 m from the launch site and the firing order after filling up the oxygen tank is as follows:
i.
The pressure release valve of the liquid oxygen tank is closed. ii.
The igniter is heated in the combustion chamber. iii.
The valve controlling the supply of helium gas, which is used to pressurize the liquid oxygen and direct it toward the combustion chamber, is opened. iv.
Combustion begins.
Ground Combustion Tests

First ground combustion test
The first ground combustion test was conducted on February 29, 2012. The principal objective was to acquire thrust data on the on-board CAMUI. It was also used to verify the performance of the operation and on-board systems, including the emergency system.
The experiment failed. The combustion was particularly too weak owing to the insufficient pressurization of the oxygen by the helium. Fig. 9 shows the test site.
Two fatal errors contributed to the failure of the test. One was the mishandling of the valve controlling the pressure release valve of the liquid oxygen tank. This was primarily due to the failure to first close the pressure release valve of it attached to the fuselage. Moreover, the webcam couldn't monitor the valve malfunctioned, which was because the ignition began at night. Consequently, the operator misjudged the operation of the valve and proceeded to ignition.
The other error was an avionic malfunction. This resulted in the untimely signal for the ejection of the deceleration chute, which was consequently burnt. To avoid repetition of these errors, a procedure to confirm the position of the valves was added, and the visual monitoring was improved (Fig. 10 ). An error was also discovered in the design of the avionics software and hardware. Specifically, there was an error in the design of the relay circuit, which was corrected. 
Second ground combustion test
On April 5, 2012, a second combustion test was conducted and better results were achieved. The combustion began well but was aborted after about a second owing to an accidental activation of the emergency system, which sent the signal for the immediate abortion of the test (Fig. 11) .
Ignition Abortion Fig. 11 . Second ground combustion test.
In investigating this problem, SSL examined the effect of electrical noise. A vibration test was conducted on the avionics but no noise signal was found. The circuits, including all wires and connectors, were then extensively tested. It was eventually discovered that electrical noise was generated by a poor contact in the connection between the emergency receiver and its circuit. The trouble spot and captured noise signal are shown in Fig. 12 . 
Third ground combustion test
Before the third ground combustion test, all the systems were checked considering the problems of the two previous tests. No errors were found and the third test was conducted on October 31, 2012.
The performances of all the systems were good and all the objectives of the test were achieved (Fig. 13) . The thrust of the on-board CAMUI was slightly weaker compared than the stand-alone engine. Fig. 14 shows the thrust data obtained by a load cell. The reduced thrust observed might be due to the difference of stand-by time and a measurement error because the thrust axis was misaligned with the load cell measurement axis. Nevertheless, proper operation of the on-board system was verified, and the emergency system was perfectly operated by the operator.
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Deceleration chute deployment 
Conclusions
This paper described the development and system integration of a subscale winged rocket, as well as ground combustion tests conducted on it. Two errors occurred during the first test, namely, wrong valve operation and malfunction of the emergency system. The operational error was addressed by the addition of a confirmation procedure. The hardware and software of the emergency system were also improved. The second combustion test, however, highlighted another error in the emergency system, owing to electrical noise generated by the combustion. A vibration test and cable check were used to identify the noise source, which was a loose connection that accidentally activated the emergency system. To find other similar errors, a complete systems check was carried out. Some faults were found and rectified. A third combustion test was successfully conducted. Thrust data were acquired and the avionics system was verified.
Future Works
The authors have completed the hardware development of WIRES#014, but further development of the software, especially for determining the control gain, is necessary. Considering that a rocket system cannot be tested by an actual launch, ground tests are important. Ground tests such as static tests and software simulation are, however, not sufficient to evaluate the dynamic control performance of a rocket. To determine the control gain, the authors are conducting a hardware-in-the-loop simulation, which can be used to evaluate the performance of the navigation, guidance, and control system. The actuators, power supply system, and other aspects of the rocket can also be simultaneously evaluated. The avionics system of the rocket senses the attitude by an IMU (internal measurement unit); receives pseudo GPS and air data; and controls the elevon and rudder actuators. The computer measures the angles of the control surfaces and calculates the position, attitude, and air data of the next sampling step using past flight states and the current angles. Fig. 15 shows the configuration of the hardware-in-the-loop simulator. The flight experiment is planned for May 2013. 
